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Abstract

The objective of this programmitiated in Septembet995, is toinvestigate active control of
detrimental combustion instabilities low NOx gas turbinesLNGT ) that burn natural gas in a
lean premixed mode. The program consists of thellowing three tasks: lexperimental
investigations of themechanisms that driveombustion instabilities inLNGT, and the
effectiveness of various actieentrol systems ACS), 2. development of theoretical models that
can predict the onset of combustiostabilities INLNGT and serve as a platform for studying the
performance of various ACS for LNGT, and 3. interactions with industry. This abstract describes
the progress made under this program during its second year.

The development of a LNGT simulatthe LNGTS1) that will beused to investigate the
mechanisms thatlrive combustion instabilities ihNGT and to evaluate the performance of
various ACS is near completion. The setup consists afranlet tuningsection whose length
can be varied to change the natural acoustic modes alysem, a premixingection where
natural gas and a@ire mixed prior to entering the combustor sectionjriws for enhancing the
mixing of theair with the fuel in the mixing section and the reactants witlot gases in the
combustion zone, a combustor section with windows tlilBbe&used forflow visualizations and
optical measurements, arhaust nozzle andratary exhausvalve for driving pulsationswithin
the combustor. Theystem also includgsorts forinstalling the fuel injectoractuators that will
modulate the flow rate of a secondary fuel stream into the combustor to control instabilities.

" Research sponsored by the U.S. Department of Energy, under Contract DE-FC21-92MC29061; AGTSR Subcontract
No. 95-01-SR031 with the School of Aerospace Engineering, Ga. Tech., Atlant2)332-0150;Fax: 404-894-
2760.



An investigation othe effect ofthe location of théuel injectoractuator (othe ACS) relative
to the location of theprimary combustiorzone, and thelesign ofthe primary injector and
actuator upon the performance of the active controller was performed in ecgasaombustor
(i.e., theLNGT2) that was retrofitted with sub-scale version dhe injection system of the
LNGT. An open loop contrahvestigation showed that a larger response is attained when the
modulated secondaryel stream is injected directly intive primary combustiorzone. It was
also shown that the open loop response ofubkinjector stronglydepends upon theesign of
the actuatoand the primary reactants injection system. These results have been used to guide the
design of the LNGT1.

Work reported last year suggested ttet presence agquivalenceatio perturbations (i.e.,
unmixedness) ithe reactants stream entering the LNGT's combumséydrive large amplitude
instabilities underlean operating conditions.Specifically, itwas shown thasmall equivalence
ratio perturbations produceery smalland very large amplitude combustiprocess heatlease
oscillations in stoichiometric and lean mixtures, respectivelywds noted that if acoustic
oscillations can produce periodiequivalenceratio perturbations by interacting withixing
processes and/tine reactantéeed systemsheresulting heat release oscillations, when properly
phased, would drive combustiarstabilities iInLNGT. These results motivated tbevelopment
of a model for predicting thstability limits of LNGT. The developednodelaccounts for the
interactions of the acoustics of the combusitdet duct and reactants fedaes with the flow
processes and chezal kinetics. These interactions couple the combustor's presmaidations
with equivalenceatio perturbationgiesulting in a feedback mechanism that produces heat release
rate oscillations.

The model consists of several regiotig air inletduct, fuel feed line, anixing section, dump
plane, a combustion region where reactions are completed, and a post-combustion region that
includesthe exhaust nozzle. lihis model, pressure perturbationshe combustor produce air
and fuel flowratefluctuations that generaequivalenceatio perturbations that convettward
the combustor. Uporeachingthe combustion zone, thesquivalenceatio fluctuationanduce
heat release ratescillationsthat, in turn, generate presswsillations. Thestability limits of the
LNGT are determined bgletermining ranges of design parameters and operating conditions for
which the LNGT is linearly stable/unstable.

Using the model, stability maps have been generated for ranges of corapes&ting conditions
that subsequentlyillvbe compared with experimental results to assleesalidity of the model.
The model has also been used to elucitteteelationship between system design parameters and
characteristic times that lead the initiation/suppression of combustion instabilities, and to
develop "combinations" of design parameters that optitheecombustostability. Significantly,
the model predicts that undgmpical LNGT operating conditions, combustianstabilities can
occur only wherthetime required taonvect themixture fromthe fuel injector tothe combustor
approximately ecals onehalf of the acoustic period. This predictionagrees with recent



experimental results obtained at FETC, and suggests that the developged contains the
essential ingredients of the mechanism that drive instabilities in LNGT.

Contactshave been made with several major gas turbine manufacturessatdish channels
of communications thatilv keep usnformedaboutproblems thaare of concern tandustry and
enable us to inform industrgbout our progress in thenderstanding and control of LNGT
instabilities. Todate, representativdseom several gas turbine manufacturers have visited our
laboratories to obsenaur active controkcapabilities. We have also had telephoaetacts with
representatives from other gas turbine manufacturers.

In support of acontractwith a major gas turbine manufacturer, asailablecombustor was
used to investigathe performance of various active controllers. The results of testsewere
subsequently used to guide thesign of an activeontrol system that wagdested on an
experimentabas turbine combustor simulatorthé manufacturerfcilities. Also, agart ofthis
effort, members ofour research team participated in an investigation of aatimetrol of
combustion instabilities thatias conducted at the gas turbine manufactufacisties. We are
currently working with this gas turbine manufacturer in a cooperative effort thatevelop an
ACS for a full scale LNGT.

We supplied DrPandalai from GE Aircraft with information neededpi@dict the acoustic
properties of the LNGTS1. We obtaindiks predictions and W check their accuracy by
comparing them with measured data as it becomes available.

Our futureplansunder thiscontract inaide: 1. completinghe development of the LNGT
simulator setup, 2experimental investigations dfie driving mechanismand active control of
LNGT instabilities, 3the development of anlear model capable of describing the performance of
the LNGT simulatorand 4. development of a heuristic model of an actively controlled LNGT
that can be used to investigate the performance and optimization of various ACS.
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PROGRAM OBJECTIVES

- Investigate the mechanisms that drive

combustion instabilities in low NOy gas
turbines

- Investigate active control of combustion
instabilities in low NOy gas turbines

- Cooperate with industry to develop an active

control system for full scale low NOy gas
turbines



Theoretical Prediction of Combustion
Instabilities in Lean Premixed gas Turbines
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Combustion Instability Mechanism

Feedback between combustion chamber, inlet duct and fuel feed
line oscillations

Periodic variations in reactants equivalence ratio due to fuel feed
line and inlet duct acoustics oscillations

Combustion process heat release oscillations in response to the
“transport” of the equivalence ratio perturbations to the
combustion region



Predicted Effect of Injector Location and
Combustor Load on the Stability Limits
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Comparison of Model Prediction and
Experimental Results
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Obtained in the FETC Fuel Nozzle/Combustor (George Richards)






Exhaust Flow Assembly

Linear position

actuator 4—— Drive motor

Steady flow
exhaust nozzle

b, Modulating wheel
‘4 up to 2500 RPM

View Port Pulsating exhaust flow nozzle

Adjustable steady flow nozzle

e Controls mean pressure level in the combustor

Forced pulsations:

e Determine the stability margin of stable modes
e Introduce persistent disturbances for control tests

¢ Enable multi-mode excitation control tests



Primary and Auxiliary Fuel Injection System
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auxiliary fuel port

- High flow velocities in the injector to prevent
flashback and auto ignition

- Two actuators modulate auxiliary fuel to control
combustion instabilities




Active Control System
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Theoretical and Technological Breakthrough

- Implement control approach based upon anovel observer

- Fast adaptive control

to account

combustor/injector characteristics

- Utilize a fuel injector actuator that modulates the fuel flow

rate over a wide frequency range

Practical Aspects of Control Approach

- Requires only afew pressure sensors

- Utilizes auxiliary fuel injection as a source of energy for

attenuation of strong instabilities

for

unknown



|nteractions with Industry

- Application of the developed active control system for
noise attenuation in a sub-scale, high-pressure lean
premixed gas combustor at Westinghouse STC
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RMS pressure level (psi) prior and after activation of the ACS

- Scale up of gaseous fudl injector actuator to flow rates up
to 100 gr./sec for application in full scale gas turbines, is
under devel opment



